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We demonstrate an erbium-doped silica toroidal microcavity upconversion laser on a silicon chip lasing in
the visible spectral range 510–580 nm. The microcavity is pumped at 1458 nm by a tapered optical fiber
coupled to the cavity and the lasing threshold is 690 W. Lasing is observed at room temperature despite
the high nonradiative relaxation rates of Er in pure silica that usually precludes upconversion lasing from
higher excited states. This is attributed to the very high circulating pump power in the high-Q microcavity
Q107. © 2009 Optical Society of America
OCIS codes: 140.3613, 140.3500, 140.7300.The design and fabrication of a silicon-based laser op-
erating in the visible, and integrated with optical and
electronic components on a single chip, is one of the
main challenges in silicon-based optoelectronic tech-
nology [1]. Such a laser sees critical applications in
areas, such as on-chip biodetection, and must be in-
tegrated with fiber and/or planar waveguide architec-
tures on Si. Previously, on-chip IR Si-based Er-doped
microcavity lasers have been demonstrated [2–4],
lasing near 1.5 m when pumped using a 1460 nm
pump laser.
One way to achieve green laser action from an Er-
doped material is by using upconversion. Upconver-
sion lasers operate through the excitation of a higher-
lying state either by absorption of multiple lower-
energy pump photons [5] or by cooperative
upconversion due to dipole–dipole interaction be-
tween excited ions [6]. Rare-earth-doped glasses are
ideal hosts for upconversion lasers due to the rela-
tively long lifetimes of the 4f manifolds. A large effort
has been put into engineering Er-doped glasses with
minimal phonon energies and hence long excited-
state lifetimes. Indeed, green upconversion lasing
has been observed in ZrF4–BaF2–LaF3–AlF3–NaF
(ZBLAN) compound glasses [7–9], where Klitzing et
al. [10] have reported a green upconversion laser
with a threshold power as low as 30 W using a
ZBLAN microsphere as the resonant cavity.
The ZBLAN material, however, is incompatible
with Si processing technology. Pure silica, on the
other hand, has proven to be an excellent material to
fabricate on-chip microcavities [11,12], but so far, the
short excited-state manifold lifetime that results
from the relatively high phonon energy in silica has
precluded the observation of upconversion lasing in
such cavities. In this Letter, we demonstrate a way to
circumvent this limitation of the excited-state transi-
tion level in a silica host by using a resonant cavity
with an extremely high quality factor Q107. The
resonator device is fabricated on a silicon wafer en-
abling integration of the green lasing emission with
optoelectronic functionality on the same chip.
0146-9592/09/040482-3/$15.00 ©Er-doped silica microcavities were fabricated on Si
substrates using a sol-gel process [11,12]. The typical
toroid major and minor diameters measured 40 and
4 m, respectively. The inset of Fig. 1(a) shows a
scanning electron microscope image of an Er-doped
toroidal microcavity. The typical Er concentration in
the cavity is estimated to be 0.1–0.5 at. %. The typi-
cal intrinsic quality factor of these Er-doped cavities
[4] is well above 107. For a toroidal cavity with an in-
trinsic quality factor of Q=5107 a pump power of
10 mW coupled into the cavity will build up a circu-
lating power as high as 1 kW. This circulating power
is concentrated into a cross sectional area of only sev-
eral square micrometers, giving rise to an intensity
that can exceed 1 GW/cm2. As will be demonstrated
below, such high intracavity intensities are sufficient
to create population inversion of higher-lying excited
states of Er3+, which is otherwise difficult to achieve
due to their fast relaxation rates.
To characterize the optical quality of the Er-doped
material, photoluminescence decay measurements
were taken using a scanning confocal microscope. Ex-
citation was provided with a 514 nm Ar+ laser. Fig-
ure 1(a) shows decay traces taken for the 4I13/2
→ 4I15/2 transition at 1550 nm and the 4I3/2→ 4I15/2
transition at 550 nm. The luminescence decay time
at 1550 nm is =13 ms, close to the radiative decay
time in pure silica glass of =18 ms [13]. This indi-
cates a high internal quantum efficiency of the Er
ions in the silica host. The deviation from the ideal
radiative decay time may be due to concentration
quenching of hydroxide (OH) impurities [14]. The
lifetime of the 550 nm level was shorter than the
measurement resolution of =10 s. This is consis-
tent with data found earlier for silica glasses that re-
ported a lifetime of =0.7 s [15]. It is also signifi-
cantly shorter than the corresponding lifetime in low-
phonon energy hosts typically used for upconversion
lasing, such as ZBLAN =0.55 ms [10].
To perform lasing measurements, pump laser light
=1450 nm is coupled into a microcavity using a2009 Optical Society of America
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ity using a piezoelectrically driven stage. The cou-
pling theory is presented in [16], and the taper tech-
nique is described in [17,18]. The laser emission is
coupled out through the same fiber and analyzed us-
ing a spectrometer. Furthermore, by adjusting the
taper-toroid coupling gap it was possible to fully sup-
press lasing in the 1500 nm band as longer wave-
length light experiences a larger coupling loss than a
shorter wavelength at a given coupling gap. The inset
in Fig. 2(a) shows a typical laser emission spectrum
collected in the 510–580 nm spectral range. The
emission is highly multimode, and two main emission
peaks near 525 and 550 nm are observed, corre-
sponding to the 2H11/2→ 4I15/2 and 4S3/2→ 4I15/2 tran-
sitions in Er3+. The free spectral range in the spec-
trum is around 1 nm, in good correspondence with
the toroidal cavity’s major diameter.
Fig. 1. (a) Photoluminescence decay measurements of the
taken for emission wavelengths of 1550 and 550 nm. The d
10 s. The inset is a scanning electron microscope image of
of pumped Er-doped cavity showing bidirectional upconvers
behind the cavity. The inset at the lower left corner is an o
tional third-harmonic emission.
Fig. 2. Normalized upconversion lasing power (integrated
in the range =510–580 nm) as a function of absorbed
pump power p=1458 nm. The lasing threshold is
690 W. The inset shows the multimode lasing spectrum.The main panel in Fig. 2 shows the laser output
power, normalized to the maximum power, integrated
over the 510–580 nm spectral range plotted versus
the absorbed pump power at 1458 nm. A clear lasing
threshold is observed around 690 W, and a linear
behavior is observed above the threshold. An optical
micrograph of the laser cavity under green upconver-
sion lasing conditions is shown in Fig. 1(b), taken us-
ing a CCD camera mounted onto an optical micro-
scope. The green emission is clearly visible in the
output fiber and along the full perimeter of the cavity,
corresponding to both clockwise and counterclock-
wise lasing modes. In [19], unidirectional green
third-harmonic emission at 517.4 nm was reported
under 1553.9 nm pumping. For comparison, the inset
at the lower left corner of Fig. 1(b) shows an optical
micrograph of a pure silica cavity (i.e., without Er)
emitting green third-harmonic light. The distinct dif-
ference in propagation characteristics (bidirectional
as opposed to unidirectional) and also the existence of
a lasing threshold in the present case indicates that
the green emission observed from the Er-doped silica
cavity is due to lasing from levels populated by up-
conversion and not through the third-harmonic pro-
cess.
The large difference in the wavelength between the
pump and the laser emission bands has a strong ef-
fect on the spatial overlap of pump and emission
modes. The pump mode determines the spatial pro-
file of inverted Er ions inside the cavity. The effective
laser gain (including this spatial overlap factor) is
then determined by the overlap between the excited
Er distribution and the lasing mode. To investigate
this, an overlap factor defined as 
=coreIpIsds /coreIp2dscoreIs2ds was calculated
[20,21]. Figures 3(a) and 3(b) show the fundamental
transverse mode of the pump at 1457 nm and the
fundamental lasing mode at 520 nm, respectively.
Clearly, the latter is centered more outward in the
cavity relative to the 1457 nm mode. The calculated
overlap factor for these two modes is 0.73. Mode pro-
file calculations were also performed for several
-doped cavity after excitation with a 514 nm pump pulse,
y time from the upconversion level at 550 nm is less than
r-doped silica toroidal microcavity on Si. (b) Optical image
asing. The pump fiber is visible as the horizontal green line





484 OPTICS LETTERS / Vol. 34, No. 4 / February 15, 2009higher-order modes at 520 nm, and for each mode the
mode overlap factor was calculated with the funda-
mental pump mode. A larger overlap factor (0.77) was
found for the first-order transverse q , l= 1,0 laser
mode plotted in Fig. 3(c). Here q, l are radial and po-
lar mode numbers following the symbol convention in
[21]. The larger overlap factor is consistent with the
observation of more complex spatial profiles in high
magnification images of emission from the whisper-
ing gallery.
In conclusion, we have demonstrated a silica mi-
crocavity upconversion laser on a Si substrate. Mul-
timode laser action is observed in the 510–580 nm
spectral range with a threshold as low as 690 W
when pumped at 1458 nm. This Letter demonstrates
that, despite the short intrinsic lifetime of the higher
excited states of Er3+ in a high-phonon energy host,
such as silica, lasing action can be achieved in a
high-Q cavity. The next challenge is to integrate the
green microlaser with other functionality on the
same Si chip [22].
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